Abstract: Metal/insulator/metal metasurfaces have widely applications ranging from perfect absorption to phase modulation, but the mechanism of these functionalities are not yet fully understood. Here, based on a coupledmode analysis, we establish a complete phase diagram through two simple parameters, which lays a solid basis for realizing functional and tunable photonic devices with such structures.
Introduction
Metasurfaces in metal/insulator/metal configuration have recently been widely used in photonics research, with applications ranging from perfect absorption to phase modulation. It is intriguing to see that MIM metasurfaces can behave distinctly under slight structural tuning and thus can realize such diversified applications, but why and when such structures can realize what kind of functionalities are not yet fully understood. Here, based on a coupled-mode analysis, we establish a complete phase diagram in which the optical properties of such systems are fully controlled by two simple parameters (i.e., the intrinsic and radiation losses), which are in turn dictated by the geometrical/material properties of the underlying structures. Such a phase diagram can greatly facilitate the design of appropriate metasurfaces with tailored functionalities (e.g., perfect absorption, phase modulator, electric/magnetic reflector, etc.), demonstrated by our experiments and simulations in the Terahertz regime. In particular, our experiments show that, through appropriate structural/material tuning, the device can be switched across the functionality phase boundaries yielding dramatic changes in optical responses. Our discoveries lay a solid basis for realizing functional and tunable photonic devices with such structures.
Theory
Near-field coupling between two metallic layers can form a resonance in the structure. In this way, the simplest model to describe the complex MIM structures is the single-port resonator. Meanwhile, presence of a metallic ground plane in such a structure ensures that no EM wave can pass through it, so that only one port. According to CMT, the (complex) reflection coefficient of a one-port single-resonance model can be derived as:
, where a and r denote the life times of the resonance due to absorption inside the structure and radiation to the far field, respectively, which connect with two dimensionless parameters
These two parameters fully determines the physical property of the resonator, shown in Fig. 1 . While perfect absorption A=1 happens with two equivalence Q factor, the absorbance decreases significantly as leaving this phase boundary. And In the case of Qr < Qa , the reflection phase always undergoes a continuous -180 to 180 degree variation as frequency passes through the resonance point and the fact that zero reflection phase at 978-1-4673-8194-9/16/$31.00 ©2016 IEEE resonance indicates that such a resonance is a "magnetic" one. The competitions between two Q factors thus generate a variety of physical effects, which have been separately discovered in previous studies. Fig. 1 . Phase diagrams of (a) the absorption A and (b) the span of reflection phase Δφ on-resonance versus Qa and Qr, calculated with CMT for the single-port model.
Specially, for a simple metasurface with 1D stripe surface shown in the insert of Fig. 2(a) , the relationships between these dimensionless Q parameters and structure details of realistic systems can be obtained through mode-expansion theory, which builds up a bridge to help design MIM metasurfaces with tailored functionalities. , where h, a, d are spacer thickness, periodic length and slit width, δeff is the effective decay length of metal, ε is the permittivity of the spacer, kc is the wave verctor on resonance, and F, α, β are three slow varying function about the geometry parameters.
Tailoring metasurfaces through structural tuning
Previous sections have revealed that, tuning the structural/materials details of a MIM metasurface can significantly modify its Qr and Qa, and in turn, change the functionality of the system. Here we combine THz experiments and simulations to illustrate how the idea works.
The most important parameter to "tune" the property of a metasurface is the cavity thickness h. while Qr scales inversely with respect to h, Qa, on the other hand, almost linearly depends on h. Such distinct h dependences of two Q factors always intersects at a critical point.
Decreasing h can drives the system from an under-damped resonance (Qr < Qa) to an over-damped one (Qr > Qa), which have completely different EM functionalities. 
Realizing tunable metasurfaces for active manipulations of electromagnetic waves
Inspired by such a complete phase diagram, we show that a wide-range dynamical phase modulation in the THz regime can be achieved by combining the gate controlled graphene with MIM metasurfaces, where graphene plays as a tunable loss to drive an underdamped to overdamped resonator transition [4] .
Finally, we present our latest experimental efforts in making tunable metasurfaces to overcome several key restrictions that are inherent to their passive counterparts, and a practical way to realize surface plasmon coupler with very high efficiency.
Conclusions
In summary, we combine theory and experiments to establish a unified phase diagram to understand the diversified functionalities discovered on MIM metasurfaces, and provide practical approaches to tune the functionalities of such systems. These generic results, independent on the frequency of interest, can guide people to design their own MIM metasurfaces with tailored and tunable optical responses in different frequency domains, which may find numerous applications in photonic research.
